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PURPOSE. This study seeks to determine the intraocular pharmacokinetics of molecules and particles injected into the suprachoroidal space of the rabbit eye in vivo using a hollow microneedle.
METHODS. Suprachoroidal injections of fluorescein and fluorescently tagged dextrans (40 and 250 kDa), bevacizumab, and polymeric particles (20 nm to 10 lm in diameter) were performed using microneedles in New Zealand white rabbits. The fluorescence intensity within the eye was monitored in each animal using an ocular fluorophotometer to determine the distribution of the injected material in the eye over time as compared with intravitreal injection of fluorescein. Fundus photography and histology were performed as well.
RESULTS. Molecules and particles injected near the limbus using a microneedle flowed circumferentially around the eye within the suprachoroidal space. By targeting the suprachoroidal space, the concentration of injected materials was at least 10-fold higher in the back of the eye tissues than in anterior tissues. In contrast, intravitreal injection of fluorescein targeted the vitreous humor with no significant selectivity for posterior versus anterior segment tissues. Half-lives in the suprachoroidal space for molecules of molecular weight from 0.3 to 250 kDa ranged from 1.2 to 7.9 hours. In contrast, particles ranging in size from 20 nm to 10 lm remained primarily in the suprachoroidal space and choroid for a period of months and did not clear the eye. No adverse effects of injection into the suprachoroidal space were observed.
CONCLUSION. Injection into the suprachoroidal space using a microneedle offers a simple and minimally invasive way to target the delivery of drugs to the choroid and retina. (Invest Ophthalmol Vis Sci. 2012;53:4433-4441) DOI:10.1167/ iovs. I n the United States alone, more than 1.8 million individuals are afflicted by wet age-related macular degeneration (AMD) and more than 4.1 million with diabetic retinopathy. These diseases are leading causes of blindness in industrialized nations and prevalence rates of these diseases are expected to nearly double by 2020. 1, 2 Only within the past decade have therapeutic agents become available to effectively manage these chorioretinal diseases. 3, 4 As a result, effectively delivering therapeutic agents to disease sites in the posterior segment of the eye is critical to attaining treatment efficacy.
Currently, drugs are delivered to treat diseases of the choroid and retina by intravitreal administration. This is commonly done by injecting a liquid formulation into the vitreous, and more recently, placing extended-release implants in the vitreous. [5] [6] [7] However, it is often overlooked that the tissue site of action for many of these therapeutic agents is not the vitreous but the choroid and retina. As a result, a delivery method that can maintain therapeutic levels of a drug in the target tissues (i.e., choroid and retina) should provide more effective therapy for chorioretinal diseases.
This targeting can be accomplished by administering drugs into the suprachoroidal space (SCS). The SCS is a potential space located between sclera and choroid that can expand to accommodate a fluid or drug formulation. The location of the SCS adjacent to the target site for treatment of diseases like wet AMD and diabetic retinopathy may provide higher drug levels in the target tissues. For this reason, the SCS represents a promising new site of administration for treatment of posterior segment diseases and has become a recent focus of drug delivery research. [8] [9] [10] [11] [12] [13] [14] Progress in this field, however, has been limited by the need for a reliable and minimally invasive way to access the SCS. Previous studies have accessed the SCS using surgical procedures that require a scleral incision and advancement of a long cannula or hypodermic needle through the SCS. [9] [10] [11] To improve on this cumbersome technique, we recently demonstrated injection into the SCS in cadaver eyes ex vivo using a hollow glass microneedle. 14 Based on our previous in vitro study, this study assesses the goal of targeted administration to the SCS using a metal microneedle in vivo. We first determined the extent to which a suprachoroidal injection localized delivery to the SCS and then measured the pharmacokinetics of clearance from the SCS after injection. For the first time, this study presents pharmacokinetic measurements in the SCS as a function of molecular mass and particle size for model fluorescent compounds, fluorescently tagged bevacizumab and particles of 20 nm to 10 lm in diameter. Overall, this study shows that the suprachoroidal route of administration can provide targeted delivery to chorioretinal tissues of the eye using a minimally invasive microneedle device.
METHODS
Metal microneedles were fabricated from 33-gauge needle cannulas (TSK Laboratories, Tochigi, Japan). The cannulas were shortened to approximately 750 lm in length and the bevel at the orifice was shaped using a laser (Resonetics Maestro, Nashua, NH). The microneedles were electropolished using an E399 electropolisher (ESMA, South Holland, IL) and cleaned with deionized water. Glass microneedles were fabricated from borosilicate micropipette tubes (Sutter Instrument, Novato, CA), as described previously. 15 A custom, pen-like device was designed to hold the glass microneedle. 14 A cap on the device allowed adjustment of the microneedle length to 750 lm. Both types of microneedles were sterilized using an AN74j Anprolene sterilizer (Anderson Products, Haw River, NC).
Several formulations were used for injection into the eye. Sodium fluorescein was prepared at 600 lg/mL for SCS injection and 6 lg/mL for intravitreal (IVT) injection (NaF, Sigma-Aldrich, St. Louis, MO). The higher concentration for SCS injection was used because, in an SCS injection, the NaF is in a thin region and trapped between tissues, making it harder to pick up the fluorescence signal. Dextrans of 40 kDa and 250 kDa tagged with fluorescein isothiocyanate (FITC, SigmaAldrich) were prepared at 1.5 mg/mL. Bevacizumab tagged with Alexa-Fluor 488 was dissolved in Hanks' Balanced Salt Solution (Mediatech, Manassas, VA) at a concentration of 1.5 mg/mL. Bevacizumab was labeled using an Alexa-Fluor labeling kit (Invitrogen, Carlsbad, CA) with 5:1 Alexa-Fluor 488: bevacizumab molar ratio. Particles of 20 nm, 500 nm, 1 lm, and 10 lm diameter (FluoSpheres, Invitrogen) were suspended in an aqueous medium at 2 weight % solids, except for the 10-lm particle suspension, which contained 0.2 weight % solids.
All experiments were carried out using New Zealand white rabbits and were approved by the Emory University Institutional Animal Care and Use Committee. Practices complied with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Animals were anesthetized with an intramuscular injection of ketamine and xylazine before injection of a formulation within the eye. Animals were euthanized with an injection of pentobarbital through the ear vein as necessary for histology.
The microneedle device was attached to a 1-mL syringe containing the formulation to be injected. For an SCS injection, the eyelids of the rabbit were pushed back and the microneedle was inserted into the sclera 3 to 5 mm past the limbus in the superior temporal quadrant of the eye. Injection of 50 lL took less than 15 seconds, with an additional time of 30 seconds allowed before removing the microneedle from the eye to prevent excessive reflux. Metal microneedles were used to inject 1-and 10-lm particles; all other materials were injected with a glass microneedle. Intravitreal injections were performed using a 30-gauge hypodermic needle. The opposing eye was not injected.
Measurement of fluorescence intensity within the rabbit eye was performed using an ocular fluorophotometer (Ocumetrics, Mountain View, CA). This system provides a one-dimensional scan of fluorescence intensity from the front to the back of the eye, as described previously. 16 No anesthesia was necessary for scanning. The pupil was dilated using drops of a 2.5% solution of phenylephrine hydrochloride (Baush & Lomb, Tampa, FL).
The fundus of the rabbit eye was imaged using a Genesis-D handheld digital retina camera with a 90-diopter lens (Kowa Optimed, Torrance, CA). Tropicamide (Baush & Lomb) was applied topically to dilate the pupil and the animal was imaged while under anesthesia.
Eyes were enucleated from the animal at the end of the experiment and fixed in 10% buffered formalin. Sections near the injection site were removed, placed in Optimal Cutting Temperature media (Sakura Finetek, Torrance, CA), and frozen under dry ice or liquid nitrogen, and were cryosectioned 10-to 30-lm thick. Slides were imaged under brightfield and fluorescence optics (Nikon E600, Melville, NY).
RESULTS

Microneedle Injection Targets the SCS
Our first goal was to develop a simple procedure to insert a microneedle directly into the sclera of a live rabbit without the need for a surgical cut down and inject a liquid formulation into the SCS using a syringe. This procedure would allow minimally invasive injection into the SCS that could be accomplished within seconds. Our previous ex vivo studies suggested that a microneedle length of 700 to 800 lm would enable microneedle penetration to the base of the sclera, but not deeper, and thereby target the SCS. 14 We therefore fabricated microneedles of 750-lm length (Fig. 1) . This enables the microneedle to be inserted perpendicularly across the sclera and target the SCS. In contrast, the use of a hypodermic needle would require a careful oblique insertion to localize the needle within the SCS. [8] [9] [10] [11] 13 To provide a visual assessment of SCS targeting, India ink was injected into the rabbit eye in vivo using a microneedle. Figure 2A shows the normal anatomy of the rabbit eye, with the sclera on the outside (i.e., on the top in Fig. 2A ) and the choroid, retina, and vitreous humor progressively deeper toward the interior. Figure 2B shows the same tissues after injection using a microneedle. As shown by the black India ink, the injection was highly localized within the SCS. The injection of 50 lL took approximately 15 seconds and the injection procedure took approximately 1 minute (see Supplementary Material and Supplementary Video 1, http://www.iovs.org/ lookup/suppl/doi:10.1167/iovs.12-9872/-/DCSupplemental). The video demonstrates that a fluid injected into the SCS using this method can immediately spread circumferentially within the SCS and even reach as far back as the optic nerve. This confirmed that a microneedle can target the SCS of the rabbit eye in vivo.
We next compared the targeting ability of an SCS injection with that of an intravitreal injection. After injection of sodium fluorescein (NaF, 376 Da), we monitored NaF distribution along the central visual axis of the eye over time using an ocular fluorophotometer. The baseline scans, before injection of NaF, helped identify the location of ocular tissues based on endogenous tissue fluorescence. Figure 3A shows representative results of a baseline scan with the peaks demarcating the retina, lens, and cornea of the eye. The SCS is located just behind (i.e., to the left in Fig. 3A ) the retina peak and the vitreous humor is the region between the retina and the lens.
The results show that an intravitreal injection of NaF produced a large peak at the site of injection in the vitreous humor within 30 minutes after injection (Fig. 3B) . Within 1 to 2 hours, NaF distributed itself within the vitreous and generated a uniform concentration profile throughout the vitreous. The concentration of NaF decreased uniformly throughout the vitreous in the subsequent hours. Within 24 hours, NaF concentration in the eye returned to baseline levels, indicating NaF was no longer detectable. Using data in Figure  4A , the calculated half-life of NaF in the eye based on a firstorder kinetic fit to the concentration within the mid-vitreous for each eye was 2.4 6 0.2 hours (mean 6 SD).
Injection of NaF in the SCS resulted in dramatically different distribution within the eye. Within 5 minutes after injection, a sharp concentration peak developed in the posterior segment of the eye (Fig. 3C ). The location of this peak represents the SCS, since it is just posterior to the retina. Over time, this peak remained in the same location with significantly lower concentrations in the vitreous region, indicating targeting to the SCS. Similar to an intravitreal injection, within 24 hours, the NaF concentration throughout the eye returned to baseline levels, indicating the NaF had cleared the eye. Using data in Figure 4A , the calculated half-life of NaF based on a first-order kinetic fit to the concentration within the SCS for each eye was 1.2 6 0.1 hours. No significant levels of NaF were detected in the anterior chamber or in any regions of the opposing uninjected eye from either route of administration (data not shown).
To quantify whether either route was effective at targeting the posterior tissues, we calculated the chorioretinal selectivity of each injection of NaF. We define the chorioretinal selectivity as the ratio of the concentration of NaF at the target chorioretinal tissues (i.e., between 16 and 24 on the x-axis of Fig. 3) to the concentration present at the vitreous/lens interface (i.e., between 80 and 90 on the x-axis). As shown in Figure 5 , the ratio for an IVT injection is approximately at or below 1 for all times post injection. This indicates that NaF distributed throughout the vitreous region relatively evenly and there was little or no chorioretinal selectivity after intravitreal injection. This is consistent with a visual examination of the profiles in Figure 3B , which show relatively uniform concentrations throughout the vitreous.
In contrast, the chorioretinal selectivity 5 minutes after an SCS injection jumped to more than 200, indicating a strong selectivity for the chorioretinal region (Fig. 5 ). This selectivity decreased over time but always remained above 10. Chorioretinal selectivity was higher after SCS injection at all time points when compared with IVT injection (ANOVA, P < 0.05). This result demonstrates that SCS administration of NaF is much more effectively targeted to the chorioretinal tissues as compared with intravitreal injection. Intravitreal injection of NaF (B) caused an increase in the fluorescence intensity primarily within the vitreous that distributes uniformly throughout the vitreous and decays over time. Injection of NaF into the SCS (C) caused a sharp peak near the retina with a dramatically different profile than intravitreal injection. The NaF levels declined over a few hours and returned to baseline levels within 24 hours after both injections. Representative data are shown from three eyes at each condition.
Targeting of Macromolecules within the SCS
To determine if SCS injection also targets macromolecules to the chorioretinal region, we injected fluorescently tagged model compounds, 40 kDa and 250 kDa dextrans, as well as fluorescently tagged bevacizumab (Avastin) into the SCS.
For each of these three macromolecules, the distribution profiles after SCS injections were similar in shape to NaF, exhibiting a sharp peak in the SCS with a steep drop off in surrounding regions (Fig. 6 ). Over time, the peak value decreased, but maintained its overall shape and localization. At 24 hours, the fluorescence intensity of the 40-kDa dextran had reached near-baseline levels and the fluorescence of the 250-kDa dextran and tagged bevacizumab were slightly above baseline levels, indicating that the macromolecules were primarily cleared from the SCS within 1 day. Using data in Figure 4B , the calculated half-lives of 40-kDa dextran, 250-kDa dextran, and tagged bevacizumab in the SCS were 3.6 6 0.5, 5.6 6 1.0, and 7.9 6 0.5 hours (mean 6 SD), respectively.
Within 15 minutes after injection, the chorioretinal selectivity was at or above 100 for all three compounds and remained well above 10 throughout the experiment (Fig. 7A) . This indicates that the injection was accurately targeted to the SCS and that these macromolecules remained highly localized in the chorioretinal tissues after injection.
Targeting of Particles within the SCS
We found that molecules in this study were cleared from the SCS within 1 day, which may not be long enough for most therapies. Sustained-release strategies have been developed for other drug delivery scenarios using slow release of drug encapsulated within polymeric implants. 6, 17 It would be clinically beneficial to inject a drug formulation that would release a drug over a 3-to 6-month period with a near zeroorder drug-release profile. We therefore evaluated if particles injected into the SCS could be localized and remain there for months. If so, this would suggest that particles encapsulating drugs for slow release could be localized in the SCS to enable extended drug therapy. However, injection and distribution of particles of different sizes in the SCS have not been studied before.
We injected particles of 20 nm, 500 nm, 1 lm, and 10 lm diameter into the SCS of rabbit eyes in vivo and measured their fluorescence concentration as a function of position and time FIGURE 6 . Fluorescence scans along the visual axis of the rabbit eye in vivo after administration of fluorescently tagged macromolecules in the suprachoroidal space. Model compounds, 40 kDa (A) and 150 kDa (B) dextran were injected using a microneedle into the SCS. Bevacizumab (C), a 147-kDa antibody, was also injected. All three injections resulted in a sharp fluorescent peak near the retina, indicating localization in the suprachoroidal space (see Fig. 1 ). The levels declined over a few hours and returned to near baseline levels within 24 hours after the injection. Representative data are shown from two to three eyes at each condition. using a protocol similar to the NaF experiments. Because our goal was to determine the distribution and lifetime of particles in the SCS, we used nondegradable particles labeled with a permanent fluorescent tag. We hypothesize that if nondegradable particles remain localized in the SCS for a long time, then similarly, degradable particles can degrade and release encapsulated drug according to their design without premature clearance from the SCS.
For all four of the particles examined, the distribution profiles after SCS injection showed the characteristic shape featuring a sharp peak in the SCS within minutes after injection (Fig. 8) . The fluorescence intensity decreased sharply outside the SCS region, indicating that the particles had not significantly migrated into the surrounding tissues or the vitreous humor.
Unlike molecules, which were cleared relatively quickly from the SCS, the particles remained in the SCS for months. All rabbits maintained fluorescence intensity levels within the SCS similar to levels obtained immediately following suprachoroidal injection (Fig. 4C, ANOVA, P > 0.25 ). There appears to be no mechanism to clear these particles from the SCS, at least on the time scale of 1 to 2 months. Even the smallest particles of 20-nm diameter showed no decrease in fluorescence intensity.
Immediately after suprachoroidal injection, all particles had chorioretinal selectivity ratios of approximately 100 or greater (Fig. 7B) . Over time, this selectively did not significantly change (ANOVA, P > 0.05). This shows that particles can be effectively targeted to the chorioretinal region and remain targeted for months.
To supplement fluorophotometry measurements, we also performed in vivo fundus imaging as well as histological examination at 2 months after SCS injection of 10-lm particles to provide visual confirmation of the presence of the particles in the SCS. Fundus photography provided a two-dimensional image of the posterior segment of the eye. The fundus of the injected eyes (Figs. 9A, 9C ) appears normal with no inflammation or abnormalities as compared with an uninjected eye (Fig. 9E) . Fluorescence images of the fundus revealed that the microparticles were distributed throughout the back of the eye and had reached the optic nerve (Figs. 9B, 9D) . The fluorescence images of the fundus also show that particles are behind the choroidal blood vessels, as evidenced by blood vessels blocking some of the fluorescence. This confirms that even after 2 months, the particles were still present in the SCS.
To confirm the exact location of the particles, histological examination of the tissues was performed after the animals FIGURE 8. Fluorescence scans along the visual axis of the rabbit eye in vivo after administration of fluorescent particles in the suprachoroidal space. Four different-sized particles were injected: 20 nm (A), 500 nm (B), 1 lm (C), and 10 lm (D). All four particle injections resulted in a sharp fluorescent peak near the retina, indicating localization in the suprachoroidal space (see Fig. 1 ). The peak levels did not drop over the time tested, indicating the particles were still present for 1 to 2 months. Representative data are shown from two to three eyes at each condition.
were killed at the end of the study and the eye was enucleated. Figure 10 shows a representative cross section of tissue 2 months after injection of 10-lm particles. This image shows the particles are selectively located in the SCS and choroid. The histology visually confirms the presence of particles in the SCS after 2 months and supports the quantitative fluorescence data.
Safety of Microneedle Injection into the SCS
Injections into the SCS using microneedles were well tolerated and no injection-related complications were observed. No bleeding occurred in any of the injections. Within 1 hour after each injection, the needle insertion site was no longer visible and in general the eye appeared indistinguishable from a naive eye. Fundus imaging of the rabbit eyes revealed no retinal detachment or choroidal vasculature changes in the posterior segment, even 2 months after injection of particles into the SCS. In all suprachoroidal injections, no apparent vision loss was observed in the rabbits.
DISCUSSION
With the recent success of therapeutics to treat chronic chorioretinal diseases, it is clear that a safe, reliable, and practical way to administer these compounds to the back of the eye will be integral to the management of these diseases. Currently, the clinician's only practical way to deliver therapeutic agents to the posterior segment is to administer the drugs into the vitreous, and this option has seen widespread use only in the past decade. Offering additional alternatives to intravitreal administration that target the diseased tissues would provide clinicians more options in managing chorioretinal diseases.
This work shows that suprachoroidal injections may be a viable option and using a microneedle could make this route of administration safe and simple. We showed in this study that injection with a microneedle can easily access the SCS and inject a variety of molecules and even nanoparticles and microparticles. We showed that particles, 10 nm to 10 lm, injected into the SCS do not appear to be cleared from the eye. Furthermore, we showed enhanced selectivity to the chorioretinal tissues after SCS injection characterizing the distribution profile of these materials in the eye.
The enhanced targeting enabled by suprachoroidal administration could lead to two distinct advances. First, it should result in higher drug levels in the target site, the chorioretinal tissues, compared with IVT injection at the same dose. As a consequence, delivery to the SCS may enable more accurate dosing and dose sparing. Second, targeting the SCS should decrease exposure of nontarget tissues to the drug. This would be advantageous when delivering drugs, such as steroids, that can cause side effects, including cataracts and increased IOP due to unintended drug diffusion to the lens and anterior segment of the eye. [18] [19] [20] These potential clinical benefits make suprachoroidal delivery particularly attractive.
This study also revealed that the clearance of molecules and particles injected into the SCS occurs at different rates. Small soluble molecules, as well as macromolecules, exhibited halflives in the SCS on the order of hours, whereas suspensions of nano-and microparticles remained in the SCS for months with no sign of clearance. This suggests the existence of a sieving effect associated with clearance from the SCS that allows molecules as large as approximately 10 nm (i.e., the effective radius of gyration of the largest macromolecule used in this study, 250-kDa dextran, 21 but blocks particles with a diameter as small as 20 nm (i.e., the smallest nanoparticle used in this study). The flexibility of the dextran molecule to alter its shape may have also influenced its ability to be cleared, in contrast to the more-rigid nanoparticles. In addition to size, factors such as lipophilicity, charge, and other physiochemical properties may also play a role.
Clearance from the SCS could occur via passive diffusion across the sclera, uptake into choroidal capillaries, and flow through scleral channels near the vortex veins. We previously showed that sieving in the sclera occurs only for larger particles (i.e., diameter > 500 nm), 14, 15 which suggests that clearance from the SCS is not primarily via the sclera. Sieving by the choroidal capillary walls of the blood-retina barrier has been shown to exclude molecules larger than 3 to 6 nm in animal studies, 22, 23 which is similar to the sieving cutoff observed here, albeit somewhat smaller. Thus, capillary drainage may play a role in clearance from the SCS. Finally, fluid outflow through scleral channels near the vortex veins has previously been observed in monkeys 24 and we have observed this in our in vitro studies too, 14 although no information about possible sieving in this pathway is available.
Independent of mechanism, the sieving effect suggests that biodegradable particles encapsulating drug could be used for sustained delivery from within the SCS. Because there does not appear to be a clearance mechanism for intact particles, degradable particles should remain in the SCS until the particle has broken down into polymer fragments that can be cleared, during which time encapsulated drug can be released from the particles over time. In this way, suprachoroidal injection of drug-loaded particles could enable sustained drug delivery to the chorioretinal tissues for as short as a day or as long as several months, based on drug release and particle degradation kinetics. Additional studies examining how formulation affects intraocular pharmacokinetics should help define optimal formulations for SCS injection.
The hollow microneedle design introduced in this study enabled minimally invasive access to the SCS. The microneedle design was versatile enough to allow injection of small molecules as well as particles up to 10 lm in size. By recognizing that the resistance to flow in the expandable SCS is much lower than through the relatively incompressible surrounding tissues, the microneedle did not need to physically enter the SCS or open it by blunt dissection. Instead, fluid injected from the microneedle naturally flowed into the SCS in seconds and expanded it anatomically. In contrast, the only other reported methods of accessing the SCS have used a cannula, which must be navigated into the SCS, or a hypodermic needle that is inserted parallel to the ocular surface. Both of these alternate methods require a surgical cut down of the sclera and involve physical contact with the choroid, both of which introduce risks of infection and choroidal bleeding, respectively. 9 The use of a microneedle should cause less trauma to the eye, because the needle tract is much shorter and narrower compared with other approaches, and can provide a straightforward way to access the SCS that could move this administration route from a surgical setting to a clinical office. Further studies will be needed to refine microneedle device development and to test suprachoroidal delivery in human eyes.
